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ThermophilicStructural genomics demonstrates that despite low levels of structural similarity of proteins com-
prising a metabolic pathway, their substrate binding regions are likely to be conserved. Herein based
on the 3D-structures of the a/b-fold proteins involved in the ara operon, we attempted to predict the
substrate binding residues of thermophilic Geobacillus stearothermophilus L-arabinose isomerase
(GSAI) with no 3D-structure available. Comparison of the structures of L-arabinose catabolic
enzymes revealed a conserved feature to form the substrate-binding modules, which can be
extended to predict the substrate binding site of GSAI (i.e., D195, E261 and E333). Moreover, these
data implicated that proteins in the L-arabinose metabolic pathway might retain their substrate
binding niches as the modular structure through conserved molecular evolution even with totally
different structural scaffolds.
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Over the past decades, structural biologists have made signiﬁ-
cant progress towards the structural characterization of conserved
biochemical pathways and processes [1–3]. Protein structures
yield insights into biochemical function, enzyme mechanism, pro-
tein–ligand interactions, and oligomerization state [4]. Recent
microbial genome data showed that 30–40% of their proteins
belongs to families with more than 100 orthologous or paralogous
members [5]. Among them, approximately 10% belongs to the a/b-
barrel fold as the main class of a/b-proteins, which encompasses a
basic motif of 250 residues [6]. It has been noted that the active
site of most a/b-barrel enzymes is located at the bottom of a
funnel-shaped pocket created by the loops connecting the C-termi-
nal end of the b-strands with the N-terminal end of a-helices that
form the barrel, implying that nature has evolved the a/b-barrel to
have the substrate-binding residues and the catalytic residues
predominantly within the barrel itself and the connecting loop
regions [6–8].Previously, many attempts to identify and/or predict the
substrate binding sites for sugar-related enzymes have been per-
formed using structural genomics with computational models
[9–11]. Analysis of structurally diverse glycoside hydrolases shows
an ubiquitous feature that they invariably possess an elongated
cleft to accommodate the glycan molecules [12,13]. In particular,
b-helical proteins also show the carbohydrate-binding proteins
and sugar hydrolases (CASH) domain [14,15]. For example, a Pro
to Gly mutation in the hinge of the arabinose-binding protein en-
hances binding and alters speciﬁcity, which was supported by
the case of sucrose isomerase active site by sugar-binding and
crystallographic studies [9]. In addition, structural and kinetic
studies for galactose mutarotase, which is topologically similar to
the 18-stranded, anti-parallel b-motif observed for domain 5 of
b-galactosidase, have revealed that there are several distinct bind-
ing modes for various sugars (e.g., D-glucose, D-fucose, D-quinovose,
L-arabinose, or D-xylose), which are dependent upon the spatial ori-
entation of the C-4 hydroxyl group [16]. Hence, this approximate
partition of speciﬁcity and catalysis between structurally distinct
regions is a convenient device for their semi-autonomous evolu-
tion to generate diversity in a combinatorial manner.
Structural studies of enzymes in the biochemical pathway from
L-arabinose to D-xylulose-5-phosphate [17,18] yielded a detailed
view of enzyme mechanism and biochemical function for the
Fig. 1. L-Arabinose catabolic pathway in Escherichia coli. L-Arabinose metabolic enzymes for the uptake and catabolism of L-arabinose are represented by ribbon diagram.
Dotted circles indicate the substrate binding regions of L-arabinose binding protein (AraF, PDB code 1ABE) with L-arabinose, L-arabinose isomerase (AraA, 4F2D) with L-ribitol,
L-ribulokinase (AraB, 3QDK) with L-ribulose, and L-ribulose 5-phosphate 4-epimerase (AraD, 1K0W) with Zn2+, respectively. Each substrate is shown in ball and sticks model.
The three-dimensional structure of AraB is derived from Bacillus halodurans.
Y.-J. Lee et al. / FEBS Letters 588 (2014) 1064–1070 1065entire pathway [19]. Hence, we focused on L-arabinose isomerase
(AI) (EC 5.3.1.4), which catalyzes the interconversion of L-arabinose
and L-ribulose in the L-arabinose catabolic pathway [20,21], has not
been well-characterized with respect to structure–function rela-
tionships (Fig. 1). Unlike mesophilic AIs, (hyper)thermophilic AIs
can catalyze the isomerization of D-galactose to D-tagatose as well
as L-arabinose to L-ribulose [22–25]. Thus, they are industrially
very attractive for the production of D-tagatose as a natural sugar
substitute due to their substrate promiscuity. However, it remains
unclear how those thermophilic enzymes are different from meso-
philic counterparts with respect to structure–function relation-
ships. In light of this, together with the context of a/b-proteins
we ﬁrst hypothesized that the sugar binding sites of catabolic en-
zymes in the ara operon are conserved and/or similarly evolution-
ized as modularity through conserved molecular evolution [2].
Secondly, as stated above, substrate-binding sites are found pre-
dominantly within the connecting loop regions where the active
sites of a/b-fold structures exist between C- and N-terminal ends
of secondary structures in the cleft regions. Thirdly, certain resi-
dues involved in the substrate binding are highly conserved among
homologous enzymes. To examine whether this plausible hypoth-
esis can be adopted to arabinose utilization enzymes, we at-
tempted to predict the catalytic residues and/or substrate
binding site of thermophilic Geobacillus stearothermophilus AI
(GSAI), for which no structural information was available. Towards
this aim, we have assessed comparative analyses of primary, sec-
ondary, and tertiary structures of L-arabinose catabolic proteins
(i.e., AraF, AraA, AraB, and AraD), thereby proposing possible L-
arabinose binding residues of GSAI and characterizing its single
mutants.
2. Materials and methods
2.1. Bacterial strains and culture conditions
Escherichia coli DH5a was used as a host for the construction of
cloning, site-directed mutagenesis and expression vectors, and
E. coli BL21 (DE3) was used for expression. The plasmid pGEM-T
Easy vector (Promega, Madison, WI, USA) was used as a cloning
and sequencing vector and pET-22b (+) (Novagen, San Diego, CA,
USA) was used for expression. To express the wild-type and
mutant enzymes, E. coli BL21 (DE3) cells transformed with the
expression vector pET-22b(+)-GSAI [23] were grown at 37 C in
Luria–Bertani (LB) medium containing 100 lg of ampicillin per
ml, induced in mid-exponential phase (A600 = 0.6) with 1 mM ofisopropyl-b-D-thiogalactopyranoside (IPTG), grown for an addi-
tional 5 h, and harvested by centrifugation (10000g at 4 C for
20 min). Bacterial pellets were stored at 70 C.
2.2. Puriﬁcation of AIs
The puriﬁcation procedures for L-arabinose isomerases (AIs)
were described previously [22,25]. To purify the wild-type and sin-
gle mutant AIs, cell pellets were resuspended in 50 ml of 20 mM
Tris–HCl buffer (pH 8.0), disrupted by sonication and the lysates
were centrifuged at 14000g for 20 min to remove cell debris.
The supernatants were heated at 60 C for 30 min, and the dena-
tured E. coli proteins removed by centrifugation (20000g for
20 min). The resulting supernatants were passed through 0.2-lm
ﬁlters and loaded onto a His-bind resin column (10 ml) equili-
brated with the same buffer. The column was washed with 10 vol-
umes of the same buffer, and a gradient of imidazole (from 0.005 to
1 M) was applied to elute the recombinant protein. Active fractions
were pooled and concentrated with an ultraﬁltration device
(10 kDa cutoff), and the concentrates were puriﬁed further using
a Superdex 200 HR 12/60 gel-ﬁltration column pre-equilibrated
with 20 mM Tris–HCl (pH 7.5) and 150 mM NaCl. The puriﬁed en-
zymes were dialyzed against 20 mM Tris–HCl (pH 7.5) and stored
at 4 C. Protein concentrations were determined by the bicinchon-
inic acid method with bovine serum albumin as a standard. Purity
and size were analyzed by sodium dodecyl sulfate (SDS)-12.5%
polyacrylamide gel electrophoresis (PAGE) and visualized with
Coomassie Blue R-250 [26].
2.3. Site-directed mutagenesis
Polymerase chain reaction-based mutagenesis of the pET-
22b(+)-GSAI vector was performed using the QuickChangeTM
site-directed mutagenesis kit (Stratagene, La Jolla, CA) as recom-
mended by the manufacturer. All DNA encoding mutant enzymes
were fully sequenced in their coding regions to verify the
constructs.
2.4. Metal content analysis and circular dichroism
In order to verify the metal content of AIs, column-puriﬁed en-
zymes were rendered metal-free and then reconstituted with pure
metals. Metal ions were removed from the puriﬁed AIs by treat-
ment with 10 mM EDTA at 60 C for 3 h followed by overnight dial-
ysis against 10 mM Tris buffer (pH 7.0 or 8.0) at 4 C with several
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lyzed against the same buffer containing 1 mM Mn2+ to form the
metal-substituted enzymes. Divalent metal content of the as-iso-
lated and EDTA-treated samples were determined by high-resolu-
tion inductively coupled plasma (ICP)-mass spectrometry on a
PlasmaQuad 3 instrument at the Chemical Analysis Laboratory,
University of Georgia.
To verify the effect of single mutations on the conformational
integrity of AI, circular dichroism (CD) measurements were carried
out in a Jasco J-810 spectropolarimeter with a Peltier temperature-
controlled cuvette holder. Wild-type and mutant enzymes (0.3 mg/
mL) were preincubated at 25 and 65 C in 10 mM Tris–HCl buffer
(pH 7.5) until no further CD signal was observed. Samples were
overlaid with mineral oil and the lids of the cuvettes were sealed
with parafﬁn tape to prevent evaporation. The CD spectra of en-
zyme samples in a cuvette with a 0.1-cm path length were re-
corded in the far-UV region (190–240 nm). Scans were collected
ﬁve times at 0.1-nm intervals with a 1 nm bandwidth. Each spec-
trum was corrected by subtracting the spectrum of the solution
containing the buffer used, with and without Mn2+.
2.5. Enzyme assay
AI activity was assayed by measuring increase in L-ribulose. Un-
less otherwise noted, the standard reaction mixture contained
50 mM MOPS (4-morpholinepropanesulfonic acid) buffer (pH 7.5
at room temperature), 0.2 ml of enzyme preparation at a suitable
dilution, 0.1 M L-arabinose, and distilled water to a ﬁnal volume
of 1.25 ml. Reactions were incubated at appropriate temperatures
for 20 min and stopped by chilling on ice. L-Ribulose was quanti-
ﬁed by the cysteine-sulfuric acid-carbazole method [27] and the
absorbance was measured at 560 nm. One unit of isomerase activ-
ity is deﬁned as the amount of enzyme that produces 1 lmol of
product per min under the assay conditions.
The kinetic parameters of wild-type and mutant AIs were deter-
mined in the same reaction mixtures as described above, except
that AIs were assayed over 1 min to obtain the initial reaction
rates. The concentrations of L-arabinose ranged from 0 to 40 mM.
Kinetic data were obtained by ﬁtting data with a Michaelis–Men-
ten equation using the Origin program (Version 8.0).
2.6. Distance matrix alignment (DALI) method
In brief, based on fact that similar 3D structures have similar in-
tra-molecular distances, shape comparison analysis for assignment
of a one-to-one equivalence between residues, where non-match-
ing residues can be skipped in either chain, was performed by the
DALI search (DaliLite version 3, http://ekhidna.biocenter.helsinki.ﬁ/
dali_server/). Accordingly, we performed a structural similarity
search for AraF and AraA to analyze multiple structural alignmentsFig. 2. Close-up views of the substrate binding residues of AraF from E. coli (PDB code 1AB
showing the substrate–enzyme interaction in the substrate binding pocket.for the assignment of domain structure and functional annotation
in the DALI server. Firstly, we searched the top 100 structural
matches with Z-score of >2 for both AraF and AraA, and then selec-
tively chose carbohydrate-binding proteins and sugar-related
enzymes for further analysis. Thereafter, we manually analyzed
the pairwise structural alignments data to ﬁnd the similar carbo-
hydrate binding regions.
3. Results and discussion
In order to understand the evolution of L-arabinose catabolic
pathway, we searched and investigated the structures of the
E. coli L-arabinose-related proteins in the ara operon, comprising
arabinose binding protein (AraF), arabinose isomerase (AraA), ribu-
lose kinase (AraB), and ribulose 5-phosphate 4-epimerase (AraD).
As shown in Fig. 1, AraF (PDB code 1ABE), which binds L-arabinose
in the periplasm and delivers it to a cytoplasmic membrane com-
plex, consists of the AraG and AraH proteins for uptake into the cell
[19]. Subsequently, L-arabinose is converted to L-ribulose by AraA
(4F2D), which can catalyze the isomerization of aldose to ketose
[20]. Further a series of sequential reactions by AraB (3QDK) and
AraD (1K0W) can yield D-xylulose-5-phosphate, which is a meta-
bolic intermediate for entering the pentose phosphate pathway
[19]. Like E. coli, genes encoding AraA, AraB and AraD fall within
a single operon in multiple mesophilic bacteria [28]. Moreover,
multiple gene duplications followed by mutations to impart new
substrate speciﬁcity could generate the three genes necessary to
convert L-arabinose into xylulose-5-phosphate under the control
of a single bacterial promoter [29]. This chromosomal arrangement
may have facilitated lateral gene transfer during evolution follow-
ing the ‘selﬁsh operon’ model [30,31]. Presumably, loss and rear-
rangement of the operon structure in more distantly related
species reﬂects recombination events. Observed operon structures
may, therefore, be of limited use in studying the evolution of the
arabinose utilization pathways [32].
There is also considerable interest in the pentose converting
pathway outside the context of organized structural genomics ef-
forts. Both academic and industrial research laboratories have
completed X-ray structure determinations of arabinose utilization
enzymes. The gene encoding L-fucose isomerase was found as the
ﬁrst structurally resolved non-phosphate pentose sugar isomeriza-
tion enzyme [7]. Recently, the crystal structure of ECAI has been
solved and characterized as possessing conserved tertiary struc-
ture quite similar to L-fucose isomerase [18]. The structure of ECAI
with L-arabinose analogs and Mn2+ (PDB codes 2AJT and 4F2D;
Fig. 1) reveals a trimeric shape that is composed of an N-terminal
domain, a linker region and a C-terminal domain. In particular, the
C-terminal region is responsible for catalysis [33] and harbors most
of the active site residues, which include strictly conserved acidic
residues thought to coordinate catalytic divalent metals [18].E) [17], AraB from Bacillus halodurans (3QDK) [34], and AraA from E. coli (4F2D) [18],
Fig. 3. Alignment of the amino acid sequences of L-arabinose metabolic enzymes. Secondary structure elements are shown with cylinder (a-helices) and arrows (b-strands)
above the sequence. Secondary structure prediction was carried out by using the Jpred [36]. The proposed and predicted substrate binding residues of AraF, AraD, AraA, and
AraB are shown in red, and G. stearothermoophilus AraA in blue. E. coli AraF (NCBI protein database accession No. CCJ44407.1); E. coli AraD (YP_488367.1); E. coli AraA
(AAA23463.1); B. halodurans AraB (NP_242738.1); G. stearothermophilus AI (AAD45718.1).
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Fig. 4. Model structure of the hexameric GSAI based on the symmetry-related molecules in crystal packing from ECAI. Top (a) and side (b) views of the hexameric GSAI are
shown using ribbon representations. (c) Close-up view of the proposed residues involved in the L-arabinose binding region of GSAI. Each of the six monomers in the ribbon
model are colored differentially. The six manganese cations are shown as yellow spheres. Amino acid residues as the substrate binding site and the metal ligands of GSAI are
shown in orange and white, respectively, whereas those of the other monomer in bluepurple. D118, D195 and K196 are likely to be involved in inter-subunit interactions.
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Bacillus halodurans was determined [34] (Fig. 1). The X-ray struc-
ture of AraF (1ABE) [17] revealed the a/b protein class as a peri-
plasmic binding protein-like I superfamily where it contains
duplication of the parallel b-sheet of 6 strands sandwiched be-
tween a-helices (Figs. 1 and 2a). Based on these structural data,
we performed a structural similarity search for AraF and AraA to
analyze multiple structural alignments for the assignment of do-
main structure and functional annotation in the DALI server [35],
which can be searched to reveal more elusive structural and func-
tional relationships. In addition, we have intensively investigated a
database of SCOP (http://scop.berkeley.edu/ver=1.75B), which pro-
vides supplementary information relating a given structure to pro-
tein sequence/structure families and super-families.
Intriguingly, signiﬁcant structural similarity between AraA and
AraF for the substrate binding region was found by the DALI search,
and these related sequences were found to have been previously
annotated with L-fucose isomerase, D-ribose binding protein, D-gal-
actose binding protein, L-arabinose binding protein, and D-allose
binding protein: E. coli L-fucose isomerase (PDB code 1FUI: 10%
identical with rmsd 3.0 Å for 450 equivalent a carbons), D-ribose
binding protein (2DRI: 13% identical with rmsd 3.1 Å for 271
equivalent a carbons), D-galactose binding protein (1GCA: 11%
identical with rmsd 3.4 Å for 122 equivalent a carbons), and AraF
(8ABP: 6% identical with rmsd 3.1 Å for 115 equivalent a carbons).
Inspection of a structural sequence alignment of AraF with other
arabinose utilization enzymes (i.e., AraA, AraB and AraD) revealed
four structurally conserved residues in each cleft, Glu (or Asp), Lys,
His, and Asn, which contribute to their carbohydrate binding mod-
ules (Fig. 2). Thus, we examined whether fold assignment and
identiﬁcation of conserved residues in the substrate binding site
could be sought by secondary structure predictions (Fig. 3). For this
aim, we aligned AraF with other enzymes (i.e., AraA, AraB, AraD)
using the ClusterW program, and predicted structural elements
by Jpred [36]. As shown in Fig. 3, alignments of amino acid se-
quences of all proteins involved in the ara operon showed little sig-
niﬁcant similarity (less than 10%). Yet, their secondary structural
elements clearly demonstrated that those enzymes are a/b-struc-
tural enzymes. Notably, their substrate binding residues are
located between the loops connecting the C-terminal end of the
b-strands with the N-terminal end of a-helices as was the case of
the a/b-barrel fold enzymes [1,2]. Indeed, the L-arabinose binding
residues of AraF (i.e., Lys33, Glu37, Asp113, Arg174, and Asn228)
are localized between the C-terminal end of the b-strands and
the N-terminal end of a-helices (Figs. 2 and 3). Likewise, the L-ribu-
lose binding residues (i.e., Lys208, Asp274, and Glu329 except
Ala96 and Trp126) of AraB and D-ribitol binding site (Glu303,
Glu306, His350, and His450) of AraA are found in the same ways
(Fig. 2). Therefore, these data suggested that such a structurally
similar coordination of carbohydrate binding region with pentosesugars revealed a common feature for conserved metabolic
pathways encompassing other groups of sugar binding enzymes.
In particular, all three enzymes on the pathway from L-arabinose
to D-xylulose 5-phosphate share a common fold, which may pro-
vide an example of an evolutionary process in the arabinose met-
abolic pathway (Fig. 1). In fact, the distribution and loci of genes
for the ara pathway suggest that the arabinose utilization pathway
initially appeared in hyperthermophilic bacteria such as the genus
of Thermotoga, and was subsequently acquired by Gram-positive
and Gram-negative mesophilic bacteria through lateral gene trans-
fer events [37]. Therefore, although those sugar-related enzyme
families belonging to the a/b structural superfamily share no sig-
niﬁcant sequence homology, they adopt a funnel-shaped pocket
or cleft as a common feature for the carbohydrate binding site,
implying that nature has evolved the a/b-structural enzymes to
have the substrate-binding and the catalytic residues predomi-
nantly within the barrel itself or the cleft region connecting loop
regions between the C-terminal end of b-strands and the N-termi-
nal end of a-helices [6–8].
Next, in order to validate whether this observation described
above can be adopted to other orthologous enzymes, we cloned,
expressed, and puriﬁed thermophilic GSAI with no structural infor-
mation available. GSAI had a few homologs in the PDB, as judged
by the DALI server [35,38]. Automated homology modeling by
SWISS-MODEL [39] with the structure of E. coli AI (ECAI, 4F2D)
yielded high-quality models (QMEAN score 4 of 0.67 and QMEAN
Z-score of 1.22) for GSAI (amino acid sequence identity of
60.28% to ECAI), plus a much larger number of less accurate homol-
ogy models for other kinds of sugar isomerases, including the fu-
cose isomerase [7], other poorly characterized enzymes and some
hypothetical proteins (Fig. 4A). Mapping the sequence similarity
among enzymes in the ara operon (i.e., AraA, AraB, and AraD) to
the molecular surface of GSAI identiﬁed a cleft lined with highly
conserved residues in close proximity to a conserved sugar-binding
motif and permitted identiﬁcation of the substrate binding site
(Fig. 4). It is evident from these results and secondary structural
analysis that at least their common fold for substrate binding site
and/or motif might exist although other sequence spaces were
varied.
To predict the location of the L-arabinose binding site of ther-
mophilic GSAI, comparison of the amino acid sequences deduced
from araA genes derived from various microorganisms revealed
highly conserved residues among them (Fig. 3). In particular, based
on the assumption that the substrate binding site of AIs should be
conserved, we ﬁrst chose 223 identical residues from the primary
sequences of AIs derived from E. coli, Geobacillus stearothermophi-
lius, and Thermotoga maritima. Secondly, as stated above, if GSAI
is also an a/b protein class, its L-arabinose binding residues as a
cleft region are likely to be localized between the C-terminal end
of b-strands and the N-terminal end of a-helices. Thirdly,
Fig. 5. (a) SDS–PAGE of puriﬁed wild-type and single mutant AIs. (b) Relative
enzyme activity of mutant AIs. (c) Effects of divalent metal ions on AI activities of
the wild-type and single mutants for L-arabinose as a substrate. The wild-type and
single mutant AIs (open bar) represent 100% of the enzyme activity for L-arabinose
in the absence of divalent metal ions, respectively.
Table 1
Kinetic parameters for the wild-type (GSAI) and its single mutant AIs at 70 C.
Substrate Vmax (U/mg)a kcat (s1)b Km (mM)a kcatb/Km (mM1 s1)
Wild-type 36.5 ± 0.8 33.8 ± 0.7 57.9 ± 5.7 0.58 ± 0.13
D118V 12.8 ± 0.3 11.9 ± 0.3 42.7 ± 5.4 0.28 ± 0.05
D195V 15.3 ± 0.3 14.2 ± 0.3 119.3 ± 7.6 0.12 ± 0.03
E261L 12.1 ± 0.4 11.2 ± 0.3 147.1 ± 14.3 0.08 ± 0.02
D333V 16.1 ± 0.4 14.9 ± 0.4 100.0 ± 9.0 0.15 ± 0.04
N406L 30.0 ± 0.6 27.8 ± 0.6 80.0 ± 7.7 0.35 ± 0.08
a Data are means ± standard deviations.
b The kcat is the number of substrate molecules reacted per active site per sec.
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ing site of AI are possibly charged amino acid residues such as D, E,
H, N, and R. Consequently, we chose twelve amino acid residues
with ionizable side chains (i.e., D118, E133, D195, K196, E233,
E261, E281, D309, E332, D333, D376, and N406) that met three
assumptions above, which may comprise the arabinose-binding re-
gions (Fig. 3). In order to examine whether those residues are in-
volved in substrate binding, we measured the enzyme activity of
those mutants in comparison with the wild-type. Accordingly,
twelve single mutants of GSAI (i.e., D118V, E133L, D195V, K196F,
E233L, E261L, E281L, D309V, E332L, D333V, D376V, and N406L)
were constructed, expressed, and puriﬁed as shown in Fig. 5A. Prior
to measurement of AI activity for mutants, it was also conﬁrmed
that the mutants were properly assembled into multimers like
the wild-type enzyme as judged by their electrophoretic mobilities
on native PAGE, and that the conformational integrity of the wild-
type GSAI is preserved in its single mutant AIs by their ellipticities
in circular dichroism (CD).
First, we measured isomerization activity with L-arabinose as a
substrate for each puriﬁed mutant. As shown in Fig. 5B, enzyme
activities of E233L, D309V, and D376V were not altered or slightly
decreased (less than 25% of the wild-type activity), whereas
mutants E261L, D195V, D333V, and D118V, showed the lowest
activity (<40% of the wild-type activity) in comparison with the
wild-type GSAI (100%), indicating that replacement of those resi-
dues resulted in pronounced decrease in enzyme activity. In addi-
tion, K196F (56%), N406L (57%), and E332L (65%) mutants also
exhibited to some extent decrease in enzyme activity. It has been
noted that most microbial AIs showed much poorer Km values in
milimolar scale than other common metabolic enzymes in micro-
and/or nano-molar scale [22,23,25]. In light of this, we tentatively
chose ﬁve mutants (i.e., D118V, D195V, E261L, D333V, and N406L)
for further kinetic analysis to study what extent such mutations af-
fect their kinetic parameters, possibly showing their involvement
in substrate binding. As described in Table 1, the kcat values of
D118V, D195V, E261L, and D333V except N406L were 3-fold less
than that of the wild-type, indicating that mutations in those res-
idues signiﬁcantly decreased the catalytic turnover rate with re-
spect to sugar isomerases. Indeed, the Km values of D195V, E261L
and D333V for L-arabinose as the substrate were approximately
more than 2-fold higher than the wild-type, which corresponds
to the Km values of thermophilic AIs for D-galactose as the second
substrate as described elsewhere [22,23,25,40]. As expected, the
catalytic efﬁciencies (kcat/Km) of those four mutants were 4- to 7-
fold lowered compared to that of the wild-type, indicating that
those residues (i.e., D195, E261, and E333) might play an critical
role in substrate binding afﬁnity of thermophilic GSAI.
Lastly, since there are a variety of computer-based prediction
programs available such as ConSurf (http://ConSurf.tau.ac.il/), Evo-
lutionary Trace (http://mammoth.bcm.tmc.edu/downloads.html),
POOL (http://www.pool.neu.edu/wPOOL/index2.jsp) and so on,
we also examined whether D195, E261, and E333 residues are
found by such a bioinformatics-guided approach. Unfortunately,
in case of ET and POOL servers, they could not give any signiﬁcant
results because their algorisms are totally based on the known 3D-
structures, which did not provide any predicted residues for GSAI.
On the other hand, ConSurf server identiﬁed more than 70 func-
tional residues in GSAI (data not shown), which are too many to
identify possible candidates for substrate binding site. Neverthe-
less, the proposed residues in this study were also included by
the ConSurf analysis, which supports validation of our approach.
It has been noted that divalent metal ions can activate the cat-
alytic activity of thermophilic AIs as described elsewhere [22–24].
Thus, we compared the relative activity of those mutants in the
presence of divalent metal ions (i.e., 1 mM Mn2+ or 1 mMMg2+)
with that of the wild-type. As shown in Fig. 5, the presence of
1070 Y.-J. Lee et al. / FEBS Letters 588 (2014) 1064–10701 mM Mn2+, all mutants showed higher activity than their enzyme
activities in the absence of metal ions, indicating that those resi-
dues (i.e., D195, E261 and E333) did not serve as the direct metal
ligands for their catalysis. This was supported by the previous
observation from the co-crystal structure (2HXG) of E. coli AI
(http://www.rcsb.org/pdb/explore/explore.do?structureId=2HXG)
with Mn2+ that H350 (H349 in GSAI), H450 (448 in GSAI), E306
(E307 in GSAI), and E333 (E332 in GSAI) as the possible site of me-
tal binding to facilitate L-arabinose binding in E. coli AI. Notably,
D309 and E333 are consistent with the residues proposed by the
co-crystal of ECAI with D-ribitol as an inhibitor (4F2D). In particu-
lar, although D195, K196, and D118 are located at the surface of a
monomer away from the substrate binding site in the same mono-
mer, they are proximal to be contact with other subunits (Fig. 4C).
Therefore, these data strongly supported that our structural
genomics approach could be a very effective alternative strategy
to predict the carbohydrate binding sites in sugar isomerases.
Over the past decades, structural genomics initiatives and com-
bined biochemical research efforts are determining an enormous
number of experimental protein structures. When coupled with
automated homology modeling, these structures provide a wealth
of three-dimensional information that eventually promises to
encompass most of the proteins found in nature. Beyond the obvi-
ous technical difﬁculties inherent in large-scale experimental and
computational efforts aimed at structural characterization of the
universe of protein sequences, there are considerable challenges
ahead for the ﬁeld of bioinformatics. Organizing this vast body of
structural information, attributing accurate functional annotations
and integrating these data with the results of expression proﬁling
and protein–protein and protein–ligand interaction studies
(among others) represent very real bottlenecks in our quest for
knowledge in biology. To our knowledge, this study is the ﬁrst trial
to identify the substrate binding group of AI with no available
structural information by the lesson of structural genomics in the
context of the a/b-fold enzymes.
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